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approach channel, gate structure, tunnel transition, steeply inclined 
tunnel, vertical bend, nearly horizontal tunnel, flip bucket, and the 
downstream river channel improvement. Reshaping of the approach 
channel improved the flow pattern through the spillway approach, gate 
structure, tunnel transition, and inclined tunnel. Less a i r  entrainment 
and better ventilation of the tunnel was provided by reducing the widih 
and length of the center pier in the tunnel transitior, which diminished 
the magnitude of the fin of water through the inclined tunnei. Converg- 
ing the right wall of the flip bucket 3' deflected the jet away from the 
excavated right bank of the downstream channel. The angle between 
the bucket tangent and the downward sloping face of the bucket lip was 
increased to eliminate severe subatmospheric pressures in this area. 
A tailwater control structure operated successfully in maintaining 
adequate tailwater depths in the powerplant tailrace and outlet works 
stilling basin. 

D E S C R I P T O R S - - * S ~ ~ ~ ~ ~ Z ~ ~ /  spillway cres ts /  tunnels/ bends/ *flip 
buckets/ piers/  radial gates/ discharge coefficients/ roughness co- 
efficients/ *hydraulic models/ piezometers/ transducers/ stream flow/ 
tailrace/ powerplants/ outlet works/ diversion tunnels/ channel im- 
provement s l 3 

IDENTIFIERS--Tailwater control structure/ *approach channels/ sub- 
atmosphe-ic pressures1 gate structure/ *tunnel transitions1 
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HYDRAULIC MODEL STUDIES OF BLUE MESA DAM 
SPII,LWAY, COLORADO RIVER STORAGE 

PROJECT, COLORADO 

PURPOSE 

The studies were conducted to develop the hydraulic design of the 
spillway approach channel, the gate structure, the tunnel transition 
section, the steeply inclined tunnel, the vertical bend;,.Jhe nearly 
horizontal tunnel, the flip bucket, and stream channel improvement. 

CONCLUSIONS . 
1. The general concept of the preliminary design was satisfactory. 

3. The approach channel was reshaped to improve the flow pattern 
through the spillway approach, gate structure, tunnel transition, 
and steeply inclined tunnel. Compare Figures 8 and 9 with 11 
and 12. 

2. The capacity of the spillway was determined to be about 33,400 cubic 
feet per second (cfs) at maximum reservoir water surface elevation 
7519.4, Figure 20. A minimum gate opening of 22 feet above cres t  
elevation was required to clear the water surface at the maximum flow. 

4. The roof of the transition section was raised at  the outside 
corners to prevent a fluctuating ridge of water from striking the 
entrance portal section, and the center pier was modified to reduce 
a fin of water that extended downstream through the steeply inclined 
tunnel. 

5. The spillway gates should be operated symmetrically to main- 
tain good flow distribution throughout the tunnel andyflip bucket. 

6. The lip of the flip bucket was modified to prevent severe sub- 
atmospheric pressures along the bucket lip. The right wall of the 
bucket was converged inward 3'to deflect the jet away from the 
excavated right bank of the stream channel. 



as  designed. 
- 

8. Motion pictures of the flow through the model structure a r e  
available in the Hydraulics Branch. 
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-,~.s.z? ~. . . . 
INTRODUCTION .. ..:. ! 

Blue Mesa Dam, a part of the Curecanti Unit of the Gunnison Divi- 
sion of the Colorado River Storage Project, is located in mountainous 
country on the Gunnison River about 25 miles west of Gunnison, 
Colorado, Figure 1. The purpose of the unit is primarily to 
develop the water storage and hydroelectric power generating 
potential along a 40-mile section of the Gunnison River above Black 
Canyon of the Gilnnison National Monument. Other purposes of the 
unit a r e  irrigation, recreation, and flood control. 

The dam, Figure 2, is an earthfill structure approximately 800 
feet long at the crest  and approximately 340 feet high above the 
riverbed. It w i l l  impound a reservoir 19 miles long with a storage 
capacity of 940,800 acre-feet. A 60,000-kilovolt powerplant is 
located at  the toe of the dam. 

The spillway, Figures 3 and 4, located in the right abutment, has 
a capacity of about 33,400 cfs at maximum reservoir water sur- 
face elevation 7519.4. It discharges through a gate section, tunnel 
transition section, tapering inclined tunnel, vertical bend, nearly 
horizonlal tunnel, and a flip bucket. 

Two 25. 0- by 33. 5-foot radial gates controltheflow. The flipbucket 
directs the flow into the river channel approximately 500 feet down- 
stream from the powerplant. 

Ddring construction of the dam, the neariy horizontal portion of 
the tunnel and the flip bucket a r e  used for diversion flows, 
Figure 4. 



The outlet works i s  approximately 300 feet upstream from the flip 
bucket and adjacent to the left side of the powerplant, Figure 3. The 
outlet works consists of two 84-inch hollow-jet valves discharging 
into a stilling basin and has a capacity of 5,400 cfs at maximum reser -  
voir water surface elevation 7519.4 with powerplant not operating. 
The powerplant will discharge about 3,080 cfs at rated head of 280 feet. 

A tailwater control structure, Figure 3, extends across the r iver 
channel downstream from the powerplant and outlet works, and up- 
stream from the spillway flip bucket. It is designed to maintain a 
minimum tailwater elevation in the powerplant tailrace and i n  the out- 
iet  works stilling basin. 

Approximately 3,300 feet of the stream channel downstream from the 
powerplant will be improved, Figures 3 and 5. The f irst  1,80C feet 
wi l l  be stripped to bedrock and the remainder excavated to a trap- 
ezoidal shape. The anticipated tailwater elevation at r iver Sta- 
tion 45+00, approximately 1, 000 feet downstream from the flip bucket, 
i s  shown in Figure 6 for the existing and the improved channels. The 
tailwater curve for the existing channel applies only to the&version 
flows since the r iver channel will be improved prior tooperation of 
the completed spillway. 

Dimensions of the hydraulic features are  listed in Table 1 for both 
English and metric units. A Hydraulic Conversion Table is located 
on the inside back cover of this report for conversion of dimensions 
in English units to metric units. 

TKE MODEL 

Scope - 
The model, Figure 7, was a 1:32.78 scale reproduction of the spill- 
way, including the immediate reservoir area  surrounding the approach 
channel, the tunnel, and a reach of r iver channel extending approxi- 
mately 1,400 feet downstream from the powerplant. Flows from the 
outlet works stilling basin and powerplant were also represented in 
the model. 

Scaled head losses due to friction in the madel a r e  usually greater 
than prototype losses because model surfaces sufficiently smooth 
to represent prototype roughnesses are  difficult to obtain. There- 
fore, to obtain the proper scale velocity of the flow through the flip 
bucket, the water supply was pumped directly to the nearly hori- 
zontal tunnel downstream from the vertical bend, bypassing the 
reservoir  and steeply inclined tunnel during the development of the 
flip bucket. This procedure also made lt possible to study the flip 



bucket for diversion flows and for spillway flows while the reser-  
voir head box and indined tunnel were under construction. The flow 
depth and velociry of the flow at the outlet portal of the tunnel were 
controlled by means of a slide gate installed 400 prototype feet up- 
stream f ~ o m  the portal, Figure 7.  

Reser-<air - 
The reservoir area was contained in an 11- by 14-foot head box 
which allowed reproduction of the topography along the right bank of 
the reservoir for approximately 300 feet upstream from the spillway 
crest  and about 200 'feet to the right and left of the spillway center- 
line, Figure 7. The topography was reproduced from elevation 7397 
up to the dam crest  at elevation 7528. Topography in the reservoir  
a rea  was molded of concrete mortar placed on expanded metal lath 
which had been nailed over wooden templates shaped to the ground 
surface contours. The surface was given a rough finish to simulate 
the natural topography of the prototype. Excavated surfaces were 
given a smoother finish. A 6-inch-wide rock baffle was installed 
along the left and upstream sides of the box to quiet the flow as  it 
entered the reservoir  area. 

The reservoir water surface elevation was measured by means of a 
hook gage mounted in a well attached to the side of the head box and 
connected to a piezometer tap located in the floor upstream and to 
the left of the outlet works intake tower where the velocity of approach 
was negligible. 

Gate Structure 

The spillway crest was modeled in concrete screeded to sheet metal 
templates. The sidewalls, center pier, and radial gates of the gate 
structure were constructed of No. 16-gage sheet metal. Piezometers 
were installed in the spillway cres t  and consisted of 1116-inch-inside- 
diameter brass  tubes soldered normal to the profile shape and filed 
flush. 

Tunnel 

The spillway tunnel between the intake structure and the flip bucket, 
Figure 7, was constructed of transparent plastic. The portion of the 
center pier that extended into the tunnel transition section was fab- 
ricated in sugar pine. Plastic piezometers having a 1116-inch-inside 
diameter were installed in the transition section and along the invert 
of the tunnel. The constant diameter tunnel downstream from the 
vertical bend was made from 7-11!16-inch-inside-diameter extruded 
plastic pipe. The inside diameter of this pipe represented the 21-foot 
diameter prototype tunnel. 



-e flip bucket at the downstream end sf the tunnel, Figure 7, was 
molasd in concrete. Piezometers made from 1116-inch-inside- 
diamete~:.:br?-~s tubing were installed along the bucket invert, end 
sill, and in the'?iglit -,TzJ~. 

Pow erplant and Outlet Works 

The exterior walls and floor of the powerplant tailrace and outlet 
works stilling basin were represented in the model and were con- 
structed of wood, Figure 7.  The quantity and velocity of the flow 
from the powerplant and outlet works were represented. The tail- 
water control weirs downstream from the powerplant and outlet ~ c i . k s  
were constructed of concrete and accurately represented in the model. 

River Channel 

The r iver channel was molded of concrete in the same manner a s  
the reservoir area. Tailwater staff gages were installed in the 
powerplant tallrace and outlet works stilling basin upstream and 
downstream of the tailwater control structure, and at river Sta- 
tion 45+00, about 1,300 feet downstream from the powerplant, near 
the model tailwater control gate, Figure 7. 

Water Supply 

Water was supplied to the model spillway from the laboratory pcr- 
manent supply system. For preliminary studies of the flip buctet, 
the water supply was pumped directly to the nearly horizontal tunnel 
downstream from the vertical bend. The depth and velocity of flow 
at the exit portal of the tunnel were controlled by means of a slide 
gage installed 1 2  feet 1-114 inches upstream from the portal, 
Figure 7.  

Water was supplied to the powerplant and outlet works from a sep- 
arate portable pump through an 8-inch supply line equipped with an 
orifice-venturi meter. Slide gates at the baffle through which the 
powerplant and outlet works water supply passed were used to con- 
trol  thc proper division of the flow betweer. the powerplant and out- 
let works. , 

I.:, 
THE INVESTIGATION 

The investigation was concerned with flow conditions in the spillway 
approach channel, the gate structure, the turmel transition section, 
the steeply inclined tunnel, the vertical bend, the nearly horizontal 



let works, o r  spillway, were discharging in any combination. The 
spillway was designed for a theoretically computed maximum dis- 
charge of 33, 700 cfs at maximum reservoir water surface elevation 
7519.4. The outlet works was initially designed for a maximum dis- 
charge of 5, 100 cfs and the powerplant for a discharge of 3,080 cfs 
at rated head of 280 feet. Aithough the model was tested for simulta- 
neous operation of the powerplant and outlet works at 3, 080 and 
5, 100 cfs, respectively, the actual combined flow is not expected to 
exceed 6,030 cfs. 

Preliminary Observations 

Flow characteristics in the approach channel. --Flow in the prelim- 
inary spillway approach channel was satisfactory; however, some 
water surface disturbances occurred at both right and left banks, 
Figures 8 and 9. Flow around the upstream end of the cut in the 
right bank caused a large slow eddy and some water surface rough- 
ness along the bank. Flow from along the left bank moved toward 
the center pier while flow currents from deep in the reservoir 
boiled to the surface along the left bank line and approach wingwall. 
Figure 9. 

Flow characteristics in the gate structure. --Flow entering and 
passing through the gate structure, Figure 9, was satisfactory. 
However, for the design flow of 33. 700 cfs, a ridge of water formed 
along the left wall, Figure 9C, and intermittently struck the roof 
corner at the tunnel portal. 

Flow characteristics i n  the transition and inclined tunnel. --Flow 
in the transition section and steeply inclined tunnel was steady and 
fairly uniform in cross  section. -Ifowever, the steeply ,inclined 
tunnel appeared to be too small for the computed maximum flow. 
The depth of flow was approximately 0.8 of the tunnel diameter; 
however, a fin of water formed downstream from the pier and 
crowded the tmnel crown, Figure 10 .  The flow from the two bays 
came together downstream from the center pier and formed the 
fin that extended into the vertical bend. A n  a i r  pocket, open at the 
top, formed between the downstream end of the pier and the begin- 
ning of the fin. It was feared that the fin would contribute to the 
crowded condition by entraining a large amount of a i r  in the proto- 
type flow which would hinder the normal passage of a i r  required 
for proper ventilation and thus cause unsteady flow condition to 
exist in the tunnel. This condition was difficult to fully evaluate 
since a i r  entrainment is not represented to scale in the model. 
The problem did not exist for flows below 75 percent of maximum 
since the depth of flow was less  than two-thirds of the tunnel diam- 
eter  and the top of the fin did not Impinge upon the crown of the tunnel. 



Flow characteristics in the vertical bend and horizontal tunnel. -- 
Flow in the vertical bend and nearly horizontal tunnel was steady 
and uniformly distributed in cross section. Veiny little dishing of 
the water surface occurred downstream from the bend whenboth 
gates in the gate s ~ r u c t u r e  were open an equal amount. Flow in 
the bend was very much a s  expected based on previous model-tested 
bend designs summarized in Report No. Hyd-498.11 With single- 
gate operation, flow spun over the crown of the tunnel bend and 
oscillated from side to side throughout the nearly horizontal tunnel. 

Discharge capacity. --The model discharge capacity was determined 
to be a2proxirnateIy 33, 000 cfs at  maximum reservoir water surface 
elevation 7519.4, o r  700 cfs l ess  than the computed maximum. The 
computed maximum flow of 33,700 cfs was discharged at reservoir 
elevation 7519.8. 

Modifications 

Several approach schemes and pier modifications were tested to t ry  
to eliminate the disturbances in the approach, to lower the flow along 
the outside walls of the gate structure, to reduce the fin, and to 
increase the discharge at maximum reservoir  water surface elevation. - 

The left wingwdl of the gate structure was f irst  modified by extend- 
ing i t  outward into the reservoir on a 45' angle. In addition, the down- 
stream end of the center pier was widened to 5 feet to reduce the 
angle at which the flow from the two bays merged. Neither altera- 
tion improved the flow conditions. The center fin began farther down- 
stream but was not reduced and turbulence still occurred along the 
approach wingwail. 

The approach wingwalls were further modified by extending both 
left and right walls 30 feet straight upstream into the reservoir.  
This modification raised the water surface along the walls of the 
transition section and reduced the height of the center fin so that 
it did not impinge upon the crown of the tunnel for any flow. How- 
ever, this modification raised the reservoir water surface eleva- 
tion for the computed maximum discharge by 1-112 feet. To lower 
the reservoir water surface elevation the upstream ends of the wing- 
walls were rounded by the addition of a 90" segment of a circle. How- 
ever, the reservoir water surface was still about 1 foot above the 
elevation for the preliminary design and therefore was not tolerable. 
Lowering the approach floor had very little effect on the flow charac- 
teristics in the tunnel. 

Additional excavation to the left and right banks of the approach 
channel improved the flow characteristics in the approach area  

1 - Hydraulic Model Studies of Whiskeytown Dam Spill- dZc-b";80. L. Beichley. 



considerably and offered some improvement to flow conditions in 
the gate structure and tunnel. Also, several lengths, thicknesses, 
and heights of center piers were tested with varying degrees of 
success in reducing the magnitude of the center fin. 

Operation of the Recommended Structure 

Flow characteristics in the approach. --Rounding the upstream 
corner of the right bank and flaring the corner of tile left bank, 
Figure 3, provided smooth water surface flow lines in the approach. 
originally; it was determined that the left approach wingwall should 
curve 90' outward from the gate structure and then continue on a 
tangent line to the left bank topography, similar to the right approach 
wingwall. During prototype construction, it was found that the wall 
would res t  on a sounder foundation if the wall continued to curve 
18C' a s  shown in Figure 3. The model tests  showed that ideal flow 
conditions would prevail with these modifications, Figures 11 and 1 2 .  

KO\%- characteristics in the gate structure. --The ;ecommended 
approach modifications lowered zhe average water surface a few . . 
inches along the walls of the gate structure; however, the roof of 
the tunael portal at both left and right corners was raised approx- 
imately 1 foot tq be certain of clearing the fluctuating ridge of water 
that formed at maximum discharge. It was also recommended that 
the gates be operated symmetrically to provide uniform distribution :;,: 

of the flow through the tmnel and flip bucket. 

Flow characteristics in the transition and inclined runnel. --The 
recommended approach provided some im>rovernenr in flow condi- 
tions throuzh the-transition and steeply inclined tunnel; however, 
additional ikprovernent was made by tapering the pier to a thick- 
ness of 18 inches rather than 24 inches at the downstream end, arid 
by reducing the length along the invert from 53 to 41 feet, Yigure 13. 
The extent of shortening and thinning of the center pier was limited 
since the pier was needed for structural support of the tunnel roof 
near the tunnel entrance portal. 

This modification reduced the size of the a i r  pocket and provided 
more flow area  through the transition. The water surface along the 
outside wal l s  of the transition was lowered, Figure 14. The fin of 
water was reduced in size and was better centered in the inclined 
tunnel. F:o-w through the tunnel, Figure 15, was uniformly dlstri- 
buted in cross  section and steady for all flows. This assured an 
adequate air  supply through the tunnel from the gate section to the 
flip bucket. 

Flow characteristics through the vertical bend and horizontal tunnel. --  
Flow in the vertical bend and nearly horizontal tunnel was excellent, 
Figure 16. The flow was steady and uniformly distributed in c ross  



section. Very little dishing of the water surface occurred during 
symmetrical operation of the gates. With single-gate operation 
the flow spun over the crown of the tunnel in the bend and oscillated 
from side to side in the nearly horizontal tunnel. 

Pressures .  --Pressures on the crest  profile along the centerline 
of the right bay were recorded for 33,700 and 16,800 cfs, Figure 17. 
All osserved crest  pressures for boih flows were above atmospheric. 
Pressures  recorded in the transition for these flows, Figure 18, 
showed one area on the tunnel wall near the downstream end of the 
transition to be subjected to subatmospheric pressures. However, 
these pressures did not exceed 5 feet of water below atmospheric. 
Pressures  on the sides of the steeply inclined tunnel and vertical 
bend were above atmospheric for 33,700 cfs, and for 16,800 cfs 
the pressures were near atmospheric since the water surface was 
approximately at the level of the piezometers, Figure 1 P .  Pres-  
sures along the invert of the steeply inclined tunnel and vertical 
bend were not measured since previous studies had shown that these 
pressures would be above atmospheric. 

Discharge capacity. --Installation of the recommended approach to 
the gate structure increased the discharge capacity from 33,000 cfs 
to about 33,400 cfs at maximum reservoir  wata- surface elevation 
7 ~ 1 9 . 4 .  A complete range of uncontrolled and gate controlled flows 
was calibrated, Figure 20. 

It was determined that the radial gates should be capable of opening 
a minimum of 22 feet above cres t  elevation to clear the water sur- 
face for 33,400 cfs discharge. 

Preliminary Flip Buck~et 

Test procedures. --The flip bucket investigations were made with 
t h e a t e r  supply pumped directly to the nearly horizontal portion 
of the tunnel. A slide gate installed about 400 feet upstream from 
the flip bucket controlled the depth of flow in accordance with the 
computed depths plotted in Figure 21.  

Pressures.  - -P re s s t r e s  along the invert of the bucket, F 
were similar to those determined in other studies, 21 ,Th 
sures were above atmospheric, except at the buckef lip where the 
pressares  were sometimes slightly subatmospheric on both the up- 
stream and downstream sides of the lip. The subatmospheric pres- 
sures  at the bucket lip were lower at a point 45" aboye thehve r t :  
than at the invert. This i s  due to the smaller change in slope 
between the tangent and the downward slope of the lip at this point 



21 Paper No. 3236, ASCE Transactions, Volume 126, Par t  I, 1961, 
page 1270, "Improved Tunnel Flip Buckets" by T .  J. Rhone and 
A .  J. Peterka. 
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than at the invert. At the invert, the change in slope i s  4 5 O  and 
diminishes to 0' at the sidewalls of the bucket. A minimum change 
in slope of 32O has been recommended at other structures. 21 - 
When the tailwater beneath the jet was high enough to contact the 
underside of the jet, the pressures along the lip fluctuated, Fig- 
ure 23. Those pressures along the lip at 45" from the invert, fluc- 
tuated severly below atmospheric, a s  illustrated by Piezometers 9 
and 10 in Figure 23. 

Flow characteristics in the flip bucket and stream channel. --Pre- 
Iiminarv tests  showed that the flip bucket iet spread and impinged 
upon the excavated right bank of ihe s t r e g  chinnel, ~ i g u r e  2$, 
At the smaller discharges, a large eddy formed along the left bank 
when the spillway only was operating. Flow from the powerplant 
and outlet works eliminated the eddy. The spillway flows were 
concentrated near the right bank for all flow conditions. 

Fo r  spillway flows less  than 112-computed maximum discharge, 
with the powerplant and outlet works discharging, the flip bucket 
jet did not depress the water surface downstream from the power- 
plant tailrace and outlet works stilling basin sufficiently to warrant 
the need for the tailwater control structure. However, for  spill- 
way flows of approximately 112-computed maximum flow o r  larger, 
the jet sufficiently lowered the water surface in the tailrace and 
stilling basin that the need for the tailwater control structure was 
apparent. 

Recommended Flip Bucket 

Description. --The full length of the right training wall of the flip 
bucket, Figure 25, was turned inward 3" to deflect the flow away 
from the excavated right bank and to provide better flow distribu- 
tion across the channel downstream from the jet. The deflection 
angle of the bucket invert was increased about 2" to ra ise  the invert 
of the bucket lip 1.21 feet. The high point of the bucket lip was in 
a vertical plane across the width of the bucket rather than in a plane 
normal to the bucket invert. This makes a steep change in slope 
between the tangent and the downward slope oT the bucket lip across 
the f u l l  width of the bucket. 

Pressures .  --Pressures recorded at the piezometer locations shown 
in Figure 26 are  plotted in Figures 27, 28, and 29. Those pres- 
sures along the invert and 45" to the left of the invert were near 
atmospheric o r  above, Figure 27. At Piezometers 10, 11, and 1 2  
near the bucket lip the pressures were approximately atmospheric. 



Pressures  on and near the base of the right wall  were above atmos- 
pheric except near the downstream end of the wall,  Figure 28. P re s -  
sures  near the downstream end of the right wall were slightly below 
atmospheric. The lowest pressure measured by water manometer 
was about 5 feet of water below atmospheric at Piezometer 16 .  In- 
stantaneous minimum pressure reached 7 feet below atmospheric at 
Piezometer 16, Figure 28. 

A l l  pressures shown in Figures 27 and 28 were recorded when the 
flow velocity in the tunnel was controlled by the slide gate. Fo r  com- 
parison the flip bucket pressures were again recorded for 33,700 cfs 
with the tunnel connected to the model reservoir.  The agreement 
was very good, Figure 29 .  At Piezometer 1 in the invert of the tun- 
nel the pressure obtained by free flow from the reservoir  was higher 
indicating that the free-flow velocity was less  than the gate-controlled 
velocity. In the bucket the impact pressures for free flow were 
lower than those obtained by gaterontrol flow. The slide gate- 
controlled flows provide the more representative results 

Flow characteristics in the flip bucket. --After cbmpletion of the 
reservoir portion of the model, the water to the flip bucket was 
supplied from the reservoir through the spillway intake. It was 
noted that the flow distribution in the stream channel could be changed 
by manipulation of the spillway gates. Operation at unequal gate 
openings at small discharges produced an unsynlmetriral flow through 
the tunnel that was reflected in the flip bucket jet, Figure 30. The 
jets for the larger flows were not affected since both gates were fully 
open o r  nearly fully open to pass the discharge. For  best flow dis- 
tribution at all discharges, both gates should be opened approximately 
the same amount. 

The recommended bucket with the right wall deflected inward and the 
higher lip elevation offered more resistance to the spillway flows 
than did the preliminary bucket. When the flow of 33,400 cfs was 
exceeded by 1,400 cfs, the exit portal filled, causing the entire 
nearly horizontal portion of the tunnel to gradually f i l l  a s  the air  was 
evacuated from that portior! of the tunnel. Increasing the flow to 
36, 800 cfs caused the steeply inclined portion of the tunnel to f i l l  to 
the transition section. In view of the fact that the model tunnel rough- 
ness was proportionately greater than the roughness in the prototype, 
there i s  a sufficient safety factor against filling of the prototype tunnel 
at  maximum design flow. 

The recommended bucket, with the right wall converged inward 3', 
deflected the jet away froin the excavated right bank. This was an 
improvement over the preliminary design. (Compare Figures 31 
and 32 with Figure 24.) Dimensions of the jet a r e  recorded in Fig- 
ure 33. These dimensions were obtained when the flow was con- 



Flow characteristics in the stream channel. --To conform with the 
most recent information from the prototype si te  the model stream- 
bed in the vicinity of the jet impact area  was lowered and the left 
bank moved to the right, Figure 34A. This revision improved the 
flow distribution in the channel by reducing the area  for the return 
eddy flow. 

Flow characteristics in the stream channel for various combinations 
of spillway, powerplant, and outlet works flows a r e  shown in Fig- 
ures 34 through 39. These flow combinations shown a r e  for the 
tailwater elevation in the improved channel, Figure 6. Photographs 
of other flow and tailwater combinations a r e  on file in the Hydraulic 
Laboratory. The smaller spillway flows still moved downstream 
along the right bank, without spreading to the full channel width, 
especially when the powerplant and outlet works were discharging 
(compare Figure 37B with 37F). Spray from the high=? spillway 
flows dampened the roadway high on the left bsnk as  shown in Photo- 
graphs C, D, G,  and H in Figure 37. 

Ideal flow characteristics would be difficult to obtain for all possible 
flow conditions. However, no serious objectionable flow character- 
istics were detected for the various combinations of discharges and 
tailwater elevations that were tested. 

Flow characteristics in the powerplant and outlet works area were 
satisfactory with or  without the spillway operating, Figures 38 and 
39. It was clearly demonstrated that the tailwater control structure 
was needed to maintain the minimum tailwater elevation for the 
powerplant tailrace and outlet works stilling basin for spillway dis- 
charges exceeding about 15,000 cfs. Should the tailwater elevation 
be less than anticipated, the control structure w i l l  be needed for 
even smaller spillway flows. Tailwater elevations upstream and 
downstream of the structure were recorded for various combina- 
tions of flows and a re  tabulated in Table 2. 

The tailwater elevation at  r iver Station 451-00 was recorded for a 
range of flows when the tailwater surface contacted the underside 
of the jet at the end of the bucket, Figure 40. For  the normal tail- 
water elevation in the improved river channel, the tailwater con- 
tacted the underside of the jet for flows ranging from approximately 
5,000 cfs to approximately 13,000 cfs when both the powerplant and 
outlet works were discharging. This produced a ragged appearance 
of the underside of the jet, F i y r e s  34D and 36A. 

Diversion Flow 



flood a r e  shown discharging from the flip-bucket, Figure 41. G o  
extreme tailwater conditions were tested since i t  was not known how 
much channel improvement would be accomplished a t  the time that 
a diversion flood might occur, However, for the range of tail- 
waters tested in the model no serious hydraulic problems were 
detected. As an additional safety factor the tunnel was to be vented 
for diversion flows by a bore through the steeply inclined t&unnel 
section. 

A model diversion flow of approximately 1 0 0  cfs was also observed 
by representatives of the contractor to aid in planning the channel 
improvement work. 

Flip bucket surface pressures were recorded for  the maximum dis- 
charges for the 25-year flood, 10-year flood, and one-half of a 10- 
year flood, for two different tailwater conditions, Figure 42. The 
pressures were satisfactory. 



Height of Dam 342 feet 
Le,ngth of Dam at  Crest 800 feet 
Volume of Earth and 

Rockfill 3,000,000 cubic yards 
Volume of Concrete in 

Dam 37,460 cubic yards 
Storage Capacity 940,800 acre-feet 
Size of Gates 25 by 33.5 feet 

Diameter of Tunnel 
Spillway 21 feet 

Head on Spillway Crest 
at  Maximum Discharge 31.5 feet 

Spillway Capacity 33,400 cfs 

Outlet Works Capacity 5,400 cfs 

Powerplant Discharge 
at Rated Head 3,080 cfs a t  280 feet 

25-year Diversion 
F ~ O O ~  14, ioo cfs 

Hollow- jet Valve 
Diameter 84 inches 

104. 24 meters 
243.84 meters 

2,293,900 cubic meters 

28,640 cubic meters 
1.16 billion cubic meters 
7.62 by 10.21 

meters 

6.40 meters 

9.60 meters 
945 cubic meters per 

second 
152.82 cubic meters 

per second 

87 cubic meters per 
second a t  85.34 meters 

399 cubic meters per 
second 

2.13 meters 



Table 2 

F igure  
reference 

38C 
34D 
3 6A 

36B and 
3 9C 

TI 
Discharge (cf 

I 

5,500 - - 
9,500 - - 

through 
33,650 

- - 3 ,080  
5,500 3 ,080  
9 ,500 3 ,080 

15,500 3 ,080  
21,500 3 ,080 
28,000 3 ,080  

- - -- 
5,500 - - 
9,500 - - 

15 ,500  - - 
21,500 - - 
28,000 - - 
33,650 -- 

-- 3,080 
5,500 3 ,080  
9 ,500 3 ,080 

15 ,500  3 ,080 
21,500 3 ,080  
33,650 3 ,080 

Outlet 
works - 
- - 
- - 

- - 
-- 
- - 
- - 
- - 
-- 

5,100 
5 ,100 
5 , 1 0 0  
5 ,100 
5 ,100  
5,100 
5,100 
5 ,100  
5 ,100  
5 ,100 
5 ,100  
5,100 
5 ,100 

- 
*Morrow Point Reservoi r  drawn down. 

Power- 
plant 

7158.0 -- 

7161. 5 
7164.0 
7163.5 
7160.0 
7160.0 
7160.0 

- - -- 
-- 
- - 
- - 
- - 
-- 

7163.5 
7168. 0 
7167. 5 
7164.0 
7162.5 
7162.0 

3R ELEVATIONS 
I Tailwater elev; 

Downstream 
Outlet of weir  
works control r 7158.0 7158. 0 
-- Dry 

Station 45+00 
(controlled) 
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Figure 7 
Report Hyd-515 

A. Looking downstream from reservo ir  
(Recommended Approach Channel) 

B. Looking upstream 
Spillway. 33 ,700  c f s  
Powerplant, 5 ,100  c f s  
Outlet works.  3 .080  cfs  

C. Slide gate control i n  spillway 
tunnel. prior to construction 
of the model reservoir  and 
inclined tunnel 

BLUE MESA DAM SPILLWAY 

The 1:32.78 Scale Model 



A. Prelfminary approach channel 

B. 16,800 cfs  

C. 33,700 cfs 

BLUE MESA DAM SPILLWAY 

Flow in preliminary approach channel 
1 :32.78 sca le  model 

Figure 8 
Report Hyd-515 



B. 16,850 cfs 

Figure 9 
Report Hyd-515 

C. 33,700 cfs 

BLUE MESA DAM SPILLWAY 

Flow, entering preliminary gate structure 
132.78 scale model 





A. 8.400 cfs  

B. 16.850 cfs  

C. 33.700 cfs  

BLUE MESA DAM SPILLWAY 

Flow in recommended approach channel 
1 :32.78 scale model 

Figure 11 
Report Hyd-515 



A. 8,400 cfs 

B. 16,850 cfs 

C. 33.700 cfs 

BLUE MESA DAM SPILLWAY 

Flow entering recommended gate structure 
1:32.78 scale model 





C. 25,250 cfs  

Figure  14 
Report Hyd-5 15 

B. 16,850 c f s  

D. 33,700 cfs  

Note: The recommended p ie r  is installed in transit ion section. 
The water  surface  on tunne: wal ls  f o r  recommended design 
is marked by the hatched l ines.  The line above each hatched 
line is wate r  surface  f o r  the pre l iminary  design. 

BLUE MESA DAM SPILLWAY 

Flow in transit ion 
1:32.711 s c a l e  model 



Figure 15 
Report Hyd-515 

A. 5,500 c f s  

B. 9,500 c f s  

C. 15,500 cfs--10-foot gate opening 

F. 33.700 cfs  (free flow) 

BLUE MESA DAM SPILLWAY 

Flow in inclined tunnel 
1:32.78 scale model 



E. 33,700 cfs--free flow 

BLUE MESA DAM SPILLWAY 

Flow in vertical  bend 
1:32.78 scale model  



FIGURE 17 
REPORT H1D-5If 

I D  5 I0 
I I l I I %  I . , ,  I 

PRESSURE SCALE IN FEET OF WATER 

P L A N A T I  

----- 33,700 CFS 
.- 16,850 C F S 

S E C T I O N  O N  % OF RIGHT B A Y  \ 
N O T E  

@ ~ e s ~ g n o t e s  plerometst l o c a t m  
Pressures ore above atmospheric and 

plotted vertlcolly upward Crest 
profile is otmospherlc pressure doturn 

B L U E  M E S A  D A M  S P I L L W A Y  

C R E S T  P R E S S U R E S  

1 : 3 2 . 7 8  S C A L E  M O D E L  





E X P L A N A T I O N  

34700 C 0  
16.850 Cr5 

PIEZOMETER P R E S S U R E S  
I N  FEET OF WATER 

NOTES 
Circled numberr dengnoie olezomeicrr 
Prmure  01 PIPZORIPZII NO 8 ~ 6 2 . 6 ~  

and 66 8s zero for 16.850 c f r  

B L U E  M E S A  D A M  S P I L L W A Y  

TUNNEL P R E S S U R E S  

I :  32.78 S C A L E  M O D E L  





F I G U R E  21 
R E P O R T  HYD-515- 

- 
0 5 10 15 2 0  2 5  30 35 40- 

D I S C H A R G E - 0  I N  1000 C . F . S .  

FROUDE v 
0 IN C.F.S. I d IN T .  1 Y IN F /S .  1 

NO. F * 1°F; 

B L U E  M E S A  D A M  S P I L L W A Y  
V E L O C I T Y  A N D  D E P T H  O F  F L O W  A T  P O R T A L  



SECTION A-A 

SECTION B-B 

E X P L A N A T I O N  
- .- . -. - a.400 c.f.5. - . - .. - . . - 16.850 c.f.5. - . . - . . . - . .. - 33. 700 ~ . f  I. 

:, 
( A  

SECTION ON % OF SPILLWAY 

. - 
'-PC. Sto.24+84.16 'Atmospheric 

El. 7155.67 pPe6IUTe  dotum 

B L U E  M E S A  D A M  S P I L L W A Y  

PRESSURES IN  THE PRELIMINARY FLIP -BUCKET 

1 32.78 5 G A L E  M O D E L  



PRESSURE IN 
F E E T  O F  WATER 

PRESSURE IN F E E T  OF WATER 
1 , 1 1 1 1  1 1 1  1 1  1 

P B ~ S B Z A E ~ ~ A N O ~ ~  m 



Figure 24  
Report Hyd-515 

A. 4,200 cfs B. 8,400 cfs 

C. 16,850 cfs D. 33,700 cfs 

BLUE MESA DAM SPILLWAY 

Flow from preliminary flip bucket-- 
powerplant and outlet works operating 

1:32.78 scale model 





F IGURE 26 
R E P O R T  "16-511 

;, , ,  
? 5 

II I 
, , , t 

I I 
.--Et.7183.50 , , 

, 

I ' /  
1 .  

I 
. . 

A = 28:-50'-03. j 
r R - 8 4  - ~ . . l o ~ - 6 ~ - ~ - . l o m - 6 ~ . ~  

r' T.21.59' 

.. , SECTION 0 -8  
SECTION A-A ,' 

,~ . , @ Deripnoter pielometer locotion. 
: . .  : t  

; ;*,\ 
I I t i  \ 

SECTION ON E 
LOOKING TOWARD RIGHT WALL '~ 

SECTION ON E 
LdOKING TOWARD -EFT  U4LL  

B L U E  M E S A  D A M  S P I L L W A Y  
PIEZOMETERS IN T H E  RECOMMENDED F L I P  - BUCKET 

I :  32.78 S C A L E  M O D E L  



F I G U R E  27 
I P O R C  H Y D . - 5 1 5  



-* 

20 --- Average Pressure 

2: = u x 3 n  15 
3: w  
z w C  

a 4 
m a 3  10 
3 

2%: 
Z U C  5 

z>lL 
?"z 0 
m o -  
z Z 
-a 

-5 

-1 0 
10 1 1  13 14 16 19 10 11 I3 14 16 19 10 1 1  13 14 16 19 10 11 I 3  14 16 19 

P IEZOMETER NUMBERS 

1°13 14 15 16 17 18 19 20  

PIEZOMETER NUMBERS 

N O T E S  
Pressure transducers were used t o  

measure the overage and minimum 
pressures in the diagram above. 
Water manometers were used t o  
measure the minimum pressures 
in the diagram on the left. Zero 
pressure is atmospheric' pressure. 
The flow wos slide g a t e  co8t ro l led  
from the spillway. A n  add i -  
tional 8,180cfs. was being 
discharged from the powerplant 
and out let  works. The ta i lwater :  
elevot ion was normal fo r  t h e  
improved channel. See Figure 26 
fo r  p iezometer  location. . ... 

.' 

B L U E  M E S A  D A M  S P I L L W A Y  
PRESSURES IN THE RECOMMENDED FLIP - B U C K E T  

I 32 7 8  S C A L E  MODEL 

665 A 



F I G U R E  29 
REPORT HYD-515 

90 

F X P L A N A T I O N  
85 - Slide gate controlled flow. 

Free f low over crest 
80 33 700 c.f.5. 

75 

70 Zero pressure is atmospheric. 
See Figure 26 f o r  piezo- 
meter locat ions 
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PIEZOMETER NUMBER 

B L U E  M E S A  D A M  S P I L L W A Y  
PRESSURES IN  T H E  RECOMMENDED F L I P  - B U C K E T  

1 .  32.78 S C A L E  M O D E L  



A. Both spillway gates open 5 feet 

B. Left gate closed, right gate full open 

C. Right gate closed. left gate full open 

Discharge = 9,500 cfs 

BLUE MESA DAM SPILLWAY 

Spillway gate controlled flor from flip bucket 
1:32.78 scale model 

Figure 30 
Report Hyd-515 



Figure 31 
Report Hyd-515 

A. Spillway 8,400 c f s  
Outlet works 5,100 c f s  
Powerplant 3,080 c f s  

B. Spillway 16,850 c f s  
Outlet works 5,100 c f s  

C. Spillway 25,250 c f s  
Outlet works 5,100 c i s  

D. Spillway 33.700 c f s  
Outlet works 5.100 c f s  

BLUE MESA D m  SPILLWAY 

Flow from recommended flip bucket-- 
outlet works operating 
1:32.78 sca l e  model  



Figure 32 
Report Hyd-515 

A. 8,400 c f s  B. 16,850 c f s  

C. 25,250 c f s  D. 33.700 c f s  

BLUE MESA DAM SPILLWAY 

Flow from recommended flip-bucket--no now 
from outlet works or powerplant 

1:32.78 scale  model 



F I G U R E  3 3  
R E P O R T  H ID . -515  

C E N T E R  L I N E  P R O F I L E  

P L A N  

Al l  dimensions a r e  in feet. * d, is on right hand wall and dL i s  on l e f t  hand wall. 

B L U E  M E S A  D A M  S P I L L W A Y  
J E T  D I M E N S I O N S  I N  T H E  R E C O M M E N D E D  F L I P  - B U C K E T  

1 : 32.78 S C A L E  M O D E L  



Figure 34 
Report Hyd-515 

A. Revised streambed and 
left bank topography 

B. 5,500 cfs spillway 

C. 5,500 cfs epillway 
3,080 c f s  powerplant 

D. 5.500 cfs  spillway 
5,190 cfs  outlet works 
3,080 c f s  ,powerplant 

BLUE MESA DAM SPILLWAY 

Flow from powerplant, outlet works. 
and recommended flip bucket 

1:32.18 ~ c a l e  model 



Figure  35 
Report Hyd-515 

A. 9 , 5 0 0  c f s  B. 1 5 , 5 0 0  c f s  

C. 21 .500  c f s  D. 33 ,700  c f s  

BL5E MESA DAM SPILLWAY 

Flow f r o m  recommended f l ip  bucket 
1:32.78 scale m o d e l  



Figure  3 6 
Report Hyd-515 

A. 9.500 c f s  spillway 
5,100 cfs outlet works 
3, OEO cfs pawerplant 

B. 15,500 cfs  spillway 
5. 100 c f ~  outlet works 
3,080 c f s  powerplant 

C. 21,500 c f s  spillway 
5,100 c f s  outlet works 

D. 28,000 cfs  spiliway 
Z, 100 cfs outlet works 

B L U E  MESA DAM SPILLWAY 

Flow from powerplant, outlet works, and 
recommended flip bucket 

1:32.78 sc2:e model 



Figure 37 
Report Hyd-515 

A. SpLllway--5,500 cfs B. Spillway--8,500 cfs 

C. Spillway--15,500 cfs D. Spillway--21,500 cfs 

E. Spillway-+, 500 cfs 
Outlet works--5,100 cfs 
Powerplant--3,080 cfs 

F. Spillway--9,500 cfs 
Outlet works--5,100 cfs 
Powerplant--3.080 cfs 

G. Spillway--21,500 cfs 
Outlet works--5,100 cfs 

H. Spillway--28,000 cfs 
Cutlet works--5,100 cfs 

Note: Dark areas on roadway in C. D. F. G. and H is 
result of spray from jet. 

BLUE MESA DAM SPILLWAY 

Flow in stream channel--recommended flip bucket 
1:32.78 scale model 



A. 3,080 cfs powerplant 

B. 5,100 cfs outlet works 

C. 5,100 cfs outlet works 
3,080 cfs powerplant 

BLUE MESA DAM SPILLWAY 

Flow over tailwater control structure-- 
no flow in spillway 
1:32.'78 scale model 



Report Hyd-515 

A. 15.500 c f s  spillway 
3,080 c f s  powerplant 

B. 15,500 c f s  spillway 
5.100 c f s  outlet works 

C. 15,500 c f s  spillway 
5 ,100  c f s  outlet works 
3,080 c f s  powerplant 

BLUE MESA DAM SPILLWAY 

Flow over  tailwater control structure-- 
spillway operating 

1:32.78 scale  model  



F I G U R E  40 
REPORT H Y O .  515 

0 2 4 6 8 10 12 14 16 I8 20 2 2  

SPILLWAY DISCHARGE ( 1 0 0 0 )  C.F.S. 

NOTE 
Normal tailwater is for the improved channel. 
The power plant and outlet works were dis- 

charging 8,180 c.f.s. in addition t o  the 
spillway discharge. 

Circles ( 0 )  are  data points. 

B L U E  M E S A  D A M  S P I L L W A Y  
WATER SURFACE CONTACTS U N D E R  S I D E  O F  J E T  

1 : 32.78  S C A L E  M O D E L  



Figure 41  
Report Hyd-515 



FIGURE 42 
REPORT HYD-515 

E X P L A N A T I O N  

Unimproved 
chonnel 
ta i lwater  
elevation 

------ Improved 
channel 
ta i lwater  
elevation 

N O T E S  

Zero pressure is 
a tmospher ic .  

See Figure 2s for 
piezometer 
locations. 

I ! !  ! ! !  ! ! ! ! ! ! !  ! !  I 1 l V 1  

2 0  

10 

' 1  2 3 4 5 6 7 B 9 10 1 1  12 I3 14 15 16 17 18 1 9 2 0  

PIEZOMETER NUMBER 

B L U E  M E S A  D A M  S P I L L W A Y  
DIVERSION FLOW P R E S S U R E S  I N  T H E  F L I P - B U C K E T  

1 132.78 S C A L E  M O D E L  



ABSTRACT 

Rlodcl s tudies  were  conductcd to develop the hydraulic dcsign of the 
approach chamel ,  gate s t ructure,  turmcl transition, steeply inclincd 
tunnel, ver t ical  bend, nearly horizontal tunnel, flip buckct, and the 
downstream r i v e r  channel improvement. Reshaping of thc approach 
channcl improved the flow pat tern through the spillway approach, gate  
s t ruc ture ,  tunnel transition, and inclincd tunnel. L.css a i r  entrainment 
and be t te r  ventilation of the tunnel was  provided by reducing the width 
and length of thc cen tc r  p i e r  in  the tunnel transition which diminished 
the magnitude of the fin of water  through the inclined tunnel. Converg- 
ing the right wall of the flip bucket 3 O  deflected the jct away f r o m  the 
excavated right bank of the downstreanl channel. The angle between 
the bucket tanpent and the downward sloping face of the bucket l ip  was 
increased to  climinate severe  subatmospheric p r e s s u r e s  in this  a r e a .  
A tailwater control s t ruc ture  operated successfully In maintaining 
adequate ta i lwater  depths in the powerplant t a i l race  and outlet works  
still ing basin. 

ABSTRACT 

Model studies w e r e  conducted to develop the hydraulic design of the 
approach channel, gatc s t ruc ture ,  tunnel transition, steeply inclincd 
tunnel, ver t ical  bend, nearly horizontal tunnel. flip bucket, and the 
downstream r i v e r  channel improvement. Reshaping of the approach 
channel inlprovcd the flow pattern through the spillway approach, gate 
s t ruetore.  tunnel transition, and inclined tunnel. '.ess a i r  entrainrncnt 
and be t tc r  ventilation of the tunnel was  provided by reducing the width 
and length of the cen te r  p i e r  in the tunnel t ransi t ion which diminished 
the magnitude of the fin of water  through the inclined tunncl. Converg- 
ing the right wall of the flip bucket 3' deflected the jet away f r o m  the 
excavated right bank of the downstream channel. The angle between 
the bucket tangent and the downward sloping race of the bucket l ip  was  
increased to eliminate severe  subatmospheric p r e s s u r e s  in this  a r e a .  
A tai lwater  control s t ruc ture  operated successfully in  maintaining 
adequate ta i lwater  depths in the powerplant t a i l race  and outlet works  
still ing basin. 

nlodel studicS wcrc conducted to riovelop tho hydraulic dcsign o l  thc 
approach channel, gate  s t ruc ture ,  tunnel transition, stccply inclincd 
tunnel, ver t ical  bcnd. nearly horizont:~l tunr~cl, flip huckct, aird lllc 
downstrcum r i v c r  channcl improvemcnt. ilcshaping of the approach 
channel iniprovccl the flow pal tcrn ilirough the spillway npproach, ga tc  
s t ruc ture ,  tnnncl transition, and inclinctl tunnel. I.uss a i r  r:nlrsinrncni 
and bet ter  vcntilatiun of thc tunncl was  pmvidcd by rcducing the widlh 
and lcngth or the cen te r  p ie r  in the lunnel transition whicll dirninishcd 
thc magnitude of tho fin of watcr  througll the inclined tunncl. Convcrg- 
ing thc right wall o f  thc flip buckct 3 O  deflectcd the jut away f rom thc 
excavated right bank of  the downstream channel.  T h e  angle hctwrxm 
tllc bucket tangent and the downward sloping facc of the buckct lip w a s  
increased to  eliminate scvcreduba tmosphcr ic  p r e s s u r e s  in th i s  a r c s .  
A tailwater control s t ruc turc  operated successfully in maintainine 
adequate tailwater depths in the powcrplant t a i l race  and outlet works 
still in^ basin. 

ABSTRACT 

downstream r i v e r  chf~nne l  improvcment. ~ e s h a p i n g  of the approach 
-channel improvcd tlmflow pattcrn through the spillway approach, gatc  
s t ruc ture ,  tunnel trankitioil, and inclincd tunncl. L e s s  a i r  entraintnent 
and bet ter  ventilation o i t h e  tunnel was provided by reducing the width 
and length of the cen te r  p ie r  in the tunncl transition which d i rn in i~hed  
thc magnitude or tllc f in  of wate r  t h ~ o u g h  the inclined tunnel. Convcrg- 
ing thc right wall of the flip bucket 3 O  deflected the jet away f rom the 
excavated right bank of  the downstream channcl. T h e  angle betwccn 
the bucket tangcnt and the downward sloping face of the buckct l ip  was 

. . increased to climinate severe  subatmospheric p r e s s u r e s  in th i s  a r e a .  
:' ' A tai lwatcr  control s t ruc ture  operated successfully in  maintaining 

adequate ta i lwater  depths in tllc powerplant t a i l race  and outlet works  
still ing basin. 
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Multiply 

Inches 
Feet 
Miles 

25.4 (exactly) Ml lhmete rs  
30 48 (exactly) Centimeters  

1.609344 (exactly) Kilometers 

AREA 

Squsre inches 6 4516 (exactly) Square centrmezers 
Square feet 0 092903 (exactly) Square m e t e r s  
Acres  0 0040469 Square kllometere 
Square mrles 2 58999 Square kllometera 

VOLUME - 
Cvbm feet 0.0283168 Cublo m e t e r s  

28.3168 Liters 
Gallons (U. S ) 3.78543 Lrtez s 
Cubm yards  0.7646 C u b x  m e t e r s  
Acre  feet 1233 5 Cubic m e t e r s  

MASS 

Pounds (avdp) 0.45359237 (exactly) Kilograms 
Tons (2.000 pamds)  901.185 Kzlograms 

ACCELERATION 

Feet  p e r  second per  second 0.3048 Meters  pe r  second cond 

FORCElUNIT AREA 

Pounds per square  mch 0.070307 
Pounds per  square f m t  4.88243 
Feet  of wa te r  column ( a t  20' C )  2.246 

0.03041 

^MASS/VOLUME (DENSITY) 

11 Pounds per  cublc f m t  16.0185 Kilograms p e r  c v b x  meter 
0.0160185 Grams per cubic cent imeter  

~ ' V E M C ~ V  

Feet  p e r  second 30.48 !exactly) C a n t ~ m e t e r a  p e r  second 
Inches pe r  hour 2 540 (exactly) Centimeters  per hour 
Feet  p e r  year 0.3048 (exactly) Meters  p e r  year  

FLOW - 
Cubm feet per second 0.028317 

28  317 
Cublc feet pe r  mlnvte 0.4719 
Gallons p e r  rmnute 0.06309 

3.7854 

Cubm m e t e r s  p e r  eecond 
L i t e r s  pe r  second 
Ll te r s  pe r  second 
L i t e r s  oer second r~~ 

~ i t & ;  pe r  minute 

POWER - 
Horsepower ( B r m s h )  

(Defined 550 i t  lbibc:) 
wat ts  
Horsepower (Metric) 

(Defined 75 kg-mlsec)  

SEEPAGE 

Cubic feet  p e r  square  foot pe r  a a y  304.8 L i t e r s  per square meter .per  day 
.,: 

VISCOSITY 

Dynamic Viscosity 
(Pound second per square foot) 4.8824 Kilogram second p e r  square  meter  

Kinematic Vibcosity 
(Square feet pe r  second) 0.092903 (exactly) ; Square m e t e r s  p e r  second 

SURFACE TENSION 

Pounds per  foot 1.4882 Kilograms per meter  

GAS CONSTANT 
, . 

Feet  pe r  degree 7" 0.5486 Meters  per degree Celsius* 

"For all practtcal purposes.'the Celsius and Centigrade sca les  are synonymous. 


